Recent studies have implicated epigenetic mechanisms including histone modifications and DNA methylation in various human diseases.
1,2 Histone H3 lysine 4 trimethylation (H3K4me3) and H3 lysine 27 trimethylation (H3K27me3) are hallmarks of gene activation and repression, respectively. 3 These two histone methylations are now known to regulate gene transcriptions in the brain, including those during human brain development. 3, 4 In addition, a candidate molecular approach identified an H3K4me3 alteration in the glutamate decarboxylase 1 (GAD1) gene in postmortem brains from patients with schizophrenia (SZ). 5 Nonetheless, as far as we are aware, genome-wide unbiased studies for multiple histone modifications are not yet available for SZ.
To enable the detection of histone modification changes relevant to this disease, we exploited olfactory cells obtained from SZ patients and controls. These primary cells were established from dissociated olfactory epithelial tissues collected by nasal biopsy, 6 and stained with bIII tubulin (a representative marker for immature neurons), to near homogeneity (Supplementary Figure 1 ). The olfactory cells are complementary to postmortem brains that have provided insight into the pathophysiology of SZ as these cells may reflect molecular states associated with neurodevelopment and also be used for functional assays. Using the olfactory cells, we explored SZ-associated genome-wide variations in H3K4me3 and H3K27me3 by using ChIP-seq (chromatin immunoprecipitation coupled with high throughput sequencing). We also conducted gene expression microarray analysis with the same cell samples. We then examined which specific genes and gene groups are affected in expression by these epigenetic modifications.
Four SZ patients were compared with four controls matched in age, gender, education and smoking habits (Supplementary Table 1 ). Chromatin immunoprecipitation was performed with olfactory cell lysates by using antibodies against H3K4me3 and H3K27me3, and the precipitated DNA samples were sequenced with an Illumina/Solexa Genome Analyzer II platform as previously described. 7 Sequence alignment and signal quantification were performed using Illumina's ELAND algorithm and CisGenome, a novel integrated software for statistical analysis of ChIP-seq data. 8, 9 We first compared the levels of H3K4me3 and H3K27me3 signals at the promoter regions (the first 1000 base pairs (bp) upstream and downstream of the transcription start sites ( ± 1000 bp)) between SZ patients and controls. The promoter regions where H3K4me3 or H3K27me3 signals were significantly changed in SZ were then compared with the genes whose expression was significantly altered in SZ. This analysis identified 22 genes whose expression is likely to be epigenetically modified according to the following criteria: (i) both gene expression and histone modification (H3K4me3 and/or H3K27me3) levels are significantly different (Po0.05) between SZ and controls, and (ii) the correlation between gene expression and histone modification (H3K4me3 and/or H3K27me3) levels is significant Table 2 and Supplementary  Figure 2 ). SZ-associated increase (or decrease) in gene expression is correlated with increase (or decrease) in H3K4me3 levels or decrease (or increase) in H3K27me3 levels. Although most SZassociated gene expression changes are associated with changes either in H3K4me3 or H3K27me3 level, DAAM2 gene expression is unique in that it seems to be affected by reciprocal changes in both H3K4me3 and H3K27me3 levels (decreased H3K4me3 levels and increased H3K4me3 levels) at the promoter region. Quantitative reverse transcription PCR (qRT-PCR) analysis was performed for the genes whose mRNA expression levels were most increased/decreased in the microarray analysis. All the three genes selected for the analysis (microsomal glutathione S-transferase 1 (MGST1), disheveled associated activator of morphogenesis 2 (DAAM2) and leupaxin (LPXN)) showed an excellent correlation between qRT-PCR and microarray data (Figure 1b) .
To identify molecular networks that are particularly affected by altered histone methylations in SZ patients, we performed pathway analysis on both the ChIP-seq and gene expression microarray data. For ChIP-seq, we computed DK4 and DK27 for each gene, defined as difference in the mean log 2 ChIP-seq signals between SZ and normal controls for H3K4me3 and H3K27me3, respectively. As H3K4me3 and H3K27me3 are major indicators for gene activation and repression, respectively, we summarized their overall histone modification changes at each gene using d ¼ DK4-DK27. A positive d should correlate with an upregulation of gene expression associated with SZ, and a negative d should correlate with a downregulation. d ¼ 0 implies no difference between SZ and controls. We then asked which gene groups (pathways) are significantly associated with SZ by applying the generalized Wald test (see Supplementary Methods). Out of 6767 gene groups in total, 545 gene groups showed SZ-associated changes in the levels of histone methylation signals (H3K4me3 and/or H3K27me3) and 517 gene groups had SZ-associated gene expression changes in microarray (false discovery rate cutoff point at qo0.01), respectively (Figure 1c and Supplementary  Tables 3 and 4 for full analysis data). As an overlap between 545 and 517 gene groups, we identified 72 gene groups whose expression is affected by SZ-associated H3K4me3 and/or H3K27me3 changes (Figure 1d and Supplementary Table 5 for full analysis data).
Although the individual gene analysis and pathway analysis were performed independently, genes in the category of 'phase II detoxification' were significantly altered in the SZ group compared with normal controls in both analyses. These genes encode enzymes that transfer cofactor groups such as glutathione or uridine 5 0 -diphospho-glucuronosyltransferase (UDP-glucuronosyltransferase) to xenobiotic substrates and inactivate/detoxify them. Microsomal glutathione S-transferase 1 (MGST1), identified in the individual gene analysis, is involved in the conjugation of glutathione S-transferase to these substrates. Gene groups of 'Reactome_glucuronidation' consist of the UDP-glucuronosyltransferases that catalyze a wide range of endogenous and xenobiotic compounds by the transfer of a glucuronate group of uridine diphosphoglucuronate. It has been increasingly recognized that oxidative stress is involved in SZ pathophysiology. 10 As phase II detoxification is involved in cellular protection against oxidative stress, epigenetic alterations in the expression of these enzymes may underlie at least in part a pathophysiological mechanism for SZ. This discovery study comprises several advantages and also limitations. Although we enriched olfactory cells with neuronal traits to near homogeneity, these cells may not fully represent brain neurons. Many confounding factors, such as medications and diet, may be washed out by many changes of media in the course of cell culture. Furthermore, treatment of olfactory cells with clozapine, a representative neuroleptic, did not affect the expression of MGST1 gene, one of our major findings in this study (Supplementary Figure 3) . However, we cannot completely exclude persistent hallmarks that might be imprinted before the biopsy. Generation of induced pluripotent stem cell (iPS)-derived neurons or induced neurons (iN) from 'drug-naïve' SZ patients may be an alternative approach that might overcome these limitations. Nonetheless, these iPS/iN cells artificially generated by introduction of exogenous factors also include substantial confounds, such as reprogramming-related epigenetic alterations Table 5 for full analysis data. FC, fold change.
Letters to the Editor and heterogeneity of cells in culture. Although our samples are not completely matched by race, additional analysis shows that racial differences are not significantly associated with any gene groups (pathways) (Supplementary Tables 6 and 7) . Finally, we also fully acknowledge that the sample size in this study is small. Pathway analysis on the basis of unbiased profiling of multiple histone modifications in homogeneous cells with neuronal trait, however, enables us to obtain a scientifically meaningful notion.
